Introduction
The development of new techniques to approach surgical targets of the anterior thoracic and lumbar spine has been one of the major challenges in spine surgery within the last 10 years. Since the first description of laparoscopic discectomy in 1991, tremendous progress has been made towards minimizing iatrogenic trauma during the surgical approach [14, 20, 25] . A variety of terms such as 'minimally invasive', 'less invasive' or even 'adequate invasive' surgery has been used in the literature to describe the different surgical philosophies that follow these principles. Being most efficient and least invasive has always been the main goal of any surgical intervention in the lumbar spine. This must always be kept in mind when discussing minimally invasive approaches, which does not necessarily imply minimally invasive surgery in the target area.
Although good results with anterior interbody fusion techniques have been reported recently [9, 10, 12, 13] , iatrogenic trauma has always been the main argument against anterior approaches to the lumbar spine [2-9, 23, 24] . This is one of the reasons, why most of the efforts have been directed at facilitating anterior interbody fusion techniques.
Two main surgical philosophies for anterior approaches to the lumbar spine have resulted from these scientific efforts: 'closed' endoscopic ('laparoscopic') approaches and so-called minimally 'open' approaches, which are microsurgical or 'open' endoscopic modifications of conventional approaches. The characteristics of the latter include Abstract The terms 'minimally invasive' or 'less invasive surgery' have been used recently to describe surgical approaches or operations that are performed with less trauma to anatomical structures on the way to or surrounding the surgical 'target area'. These types of surgical procedures are usually performed with the help of 'high-tech' instruments such as surgical endoscopes or surgical microscopes, modern video techniques and automated instruments. Within the last 10 years, such techniques have been developed in the field of spinal surgery. The application of minimally or less invasive procedures has concentrated predominantly on anterior approaches to the thoracic and lumbar spine. This article describes two anterior approach techniques for performing anterior lumbar interbody fusion (ALIF) through a minimally invasive retroperitoneal or transperitoneal approach. The technical principles are microsurgical modifications of traditional anterior approaches to the lumbar spine. Through small (4-cm) skin incisions, the target area can be exposed. Preliminary results suggest decreased peri -and postoperative morbidity, less blood loss, earlier rehabilitation and acceptable complication rates. The technique is currently used by the author for all patients requiring anterior lumbar interbody fusion.
the use of frame-type retractors, which open a surgical corridor to the target area [15] [16] [17] 21] .
This article describes the principles of the retroperitoneal and transperitoneal mini-open route to perform anterior lumbar interbody fusion.
General principles
The two approach techniques presented in this article have several principles in common:
1. They are modifications of the conventional retroperitoneal and transperitoneal approaches described in the literature [1, 11] 8. All approaches and fusion techniques are described as part of a 270°fusion philosophy, which includes posterior stabilization (e.g., pedicle screws, translaminar screws) [10] .
Preoperative planning and preparation of the patient
The topographical anatomy of the anterolateral circumference of the target segment must be studied preoperatively. In addition to information about the underlying pathology, magnetic resonance imaging (MRI) of the lumbar spine and its surrounding structures gives all the anatomical information that is for meticulous preoperative planning ( Fig. 1) . Preoperative conventional radiographs of the lumbar spine in two planes are mandatory in order to get enough information on the spine curvature, the height of the intervertebral space, the orientation of the disc space (L5/S1) and the sacral inclination. The level of the bifurcation of the aorta and vena cava must be determined preoperatively for the approach to L5/S1 This can be achieved in the majority of the patients with conventional MRI. MRI angiography can be helpful in uncertain cases. For the transperitoneal L5/S1 approach, abduction of the hip joints should be checked preoperativelyPatients are treated with routine mechanical large-bowel preparations as well as purgatives starting 24 h before the operation.
Anesthesia
The operation is performed under general anesthesia. Once the patient is anesthetized, a Foley catheter and a nasogastric tube are inserted. Arterial and central venous pressure lines are placed because hemodynamic monitoring is important. We recommend 500 cc own-blood donation before the operation.
Positioning and localization
Retroperitoneal approach (L2-L 5) (Fig. 2) The operation is performed with the patient in a right lateral decubitus position on an adjustable surgical table. The table is tilted to increase the distance between the iliac crest and the inferior border of the rib cage (Fig. 2 A) . According to the level to be approached, the table is then tilted backwards in the axial plane for 20°degrees (L4/5), 30°(L3/4) or 40°(L2/3) (Fig. 2 B) . The orientation of the lumbar motion segment is then checked with lateral fluoroscopy. The orientation of the disc level ('orientation line') as well as the center of the disc space ('center line') are marked onto the skin level. The line of the skin incision is centered over the target point (intersection of the orientation and the center line) in an oblique direction (parallel to the fiber orientation of the external oblique abdominal muscle) (Fig. 3) .
Transperitoneal approach L5/S1
The patient is placed in a supine Trendelenburg position (trunk tilted 20°-30°), with the lumbar spine hyperex- tended and legs in maximum abduction (Fig. 4) . The position of the surgeon is between the legs of the patient. The orientation of the L5/S1 disc space is marked as it projects onto the skin in a lateral fluoroscopic view ('disc line'). The anterior border (tangent) of the promontorium is also marked onto the skin ('border line'). The intersection of both lines is usually located at the lateral part of the patient's buttock cranial to the major trochanter. A transverse line is drawn from this intersection point onto the abdomen ('corridor line') ( Fig. 5) . This corridor line is located in the middle third of the distance between umbilicus and symphysis. A 4-cm skin incision is centered over this line strictly in the midline ('incision line').
Surgical steps
The retroperitoneal approach to L2-L5 A 4-cm skin incision is sufficient for the exposure of one segment. The retroperitoneal space is exposed through a blunt, muscle splitting approach. Blunt dissection is continued in the retroperitoneal space to expose the anterior and (Fig. 6 ). 
13
The disc space level is verified under fluoroscopic control, and the self-tapping anchoring screws are inserted (Fig. 7) . These screws hold the cranial and caudal spreader valves (Fig. 8) .
A self-retaining frame-type retractor is attached to the blades (Fig. 9) . The anterolateral circumference of the segment to be fused is now exposed (Fig. 10) . After removal of the disc and cartilagenous endplates, anterior lumbar interbody fusion is performed, usually with an autologous iliac bone graft. However, other types of anterior interbody fusion, including the use of homografts, have been reported.
A tricortical iliac bone graft is harvested through a separate small incision over the lateral iliac crest on the same side. If L4/5 is approached, the graft can be harvested before exposure of the disc space through the same skin incision (Fig. 11) . The graft is mounted onto a graft holder and impacted into the intervertebral space (Figs. 12, 13 ).
Surgical steps
The transperitoneal approach to L5/S1
A 4-cm skin incision is placed in the midline centered over the 'corridor line'. The rectus fascia is opened along the linea alba. A soft tissue spreader with blunt blades is then inserted to retract both rectus muscles from the midline. The peritoneum is then opened and armed with four sutures placed at the craniad and caudad edges. The mesenterium with the ileum is carefully pushed into the upper left abdominal cavity, using Langenbeck hooks for blunt dissection and small abdominal towels to hold the abdominal contents in place. The same is done to the colon sigmoideum, which is carefully retracted to the left. A soft tissue retractor with blunt blades is inserted to retract the bowel to the right and to the left after identification of the common iliac artery and the retroperitoneal course of the urether on the right side. The retractor is now completed with two other blades to expose a working corridor to the anterior circumference of L5/S1 (Fig. 14) .
The incision of the prevertebral peritoneum is made about 15 mm medial to the right common iliac artery, and completed in a semicircular manner in order to avoid damage to the superior hypogastric plexus. Dissection is performed bluntly, only bipolar coagulation is allowed. Thus, the anterior circumference of L5/S1 as well as the median sacral vessels (a.v. sacralis mediana) are exposed. The vessels are closed with vascular clips, dissected and retracted from the disc surface.
The anterior longitudinal ligament and the anulus fibrosis are incised in a rectangular shape, the disc is removed, and interbody grafting is performed. The orientation of the graft is strictly along the midline in parallel to the sagittal plane (Fig. 15) .
Indications
The approaches have been used for anterior lumbar interbody fusion in the following diseases (in the majority of ourown cases combined with posterior instrumentation): 
Contraindications
The following situations should each be considered as absolute contraindications to a retro-or transperitoneal approach:
1. Previous major abdominal or gynecological surgery through a retroperitoneal or transperitoneal route (e.g., hysterectomy; colon resection, etc.) 2. Low vascular bifurcation (in front of L5/S1) Relative contraindications are considered to be:
1. Spondylitis/spondylodiscitis with large prevertebral soft tissue mass or psoas abscess 2. Previous anterior interbody fusion at the same level 3. Previous minor abdominal surgery (e.g., appendectomy, laparoscopic surgery) 4. Abdominal diseases (e.g., Crohn's disease; colitis ulcerosa, etc.) 5. Adipositas permagna 6. Extremely lateral course of common iliac vein of the left side covering the lateral aspect of the L4/5 intervertebral space
Results and complications

Retroperitoneal approach L2-L5
Microsurgical anterior lumbar interbody fusion has been performed in 120 patients:66 female, 54 male; age range 26-84 years (mean 56.3 years). All the procedures were performed as part of a 270˚ fusion philosophy, which includes posterior instrumentation (with/without decompression of the spinal canal) with pedicle screw systems or translaminar screws and arthrodesis of the facet joints, combined with anterior lumbar interbody fusion. The average duration of surgery was 102.2 min. This average includes 16 double-level cases as well as all cases performed early in the learning curve. Duration of surgery ranged from 50 to 195 min. Average blood loss was 139.8 cc (67.3 cc at the fusion site, 78.1 cc at the graft donor site). None of the patients received any blood transfusion for the anterior approach. Preoperative evaluation of the economic and functional status of the patients was performed with the help of the EFR score, published by Prolo in 1986 [22] . All patients were rated 'poor' preoperatively.
After an average follow-up period of 24 months, 62% of the patients showed excellent or good clinical results; 23% were satisfactory and 15% had poor results. The patients were asked to give a self-rating of the result of surgery. A total of 73% were either completely satisfied or reported a significant improvement of their symptoms . Nineteen percent of the patients reported unchanged symptoms and 8% stated that their symptoms had become worse after the surgery. We observed a total of 16 complications (13.3%). Five of them were donor-site complications. There was one general complication (deep venous thrombosis) as well as three complications from the posterior approach (pedicle fracture, implant loosening, loss of correction). There were seven complications specific to the anterior approach: four pseudarthroses and three cases of irritation of the genitofemoral nerve.
Transperitoneal approach L5/S1
Microsurgical transperitoneal anterior lumbar interbody fusion has been performed in 51 patients: 27 female, 24 male; age range 10-68 years (mean 44.1 years). All the procedures were performed as part of a 270°fusion philosophy, which includes posterior instrumentation (with/without decompression of the spinal canal) with pedicle screw systems or translaminar screws and arthrodesis of the facet joints (except in isthmic type spondylolisthesis), combined with anterior lumbar interbody fusion. The average duration of surgery was 122.5 min,. ranging from 65 to 205 min. Average blood loss was 78.9 cc at the fusion site and 77.5 cc at the donor site for the bone graft . None of the patients received any blood transfusion for the anterior approach.
Preoperative evaluation of the economic and functional status of the patients was performed [29] . Fortyfive of the patients (89%) had a poor score preoperatively. After an average follow-up period of 20 months, 94% of the patients showed excellent or good clinical results, 6% were satisfactory and none of the patients had a poor result. The patients were asked to give a self-rating of the results of surgery. All the patients were completely satisfied with the operation.
We had a total of 8 complications in 51 operations (15.1%). However, only one of these was specific to the approach (1.96%). A 15-year-old boy with an isthmic type spondylolisthesis suffered from an ileus on the 5th postoperative day after microsurgical anterior interbody fusion at L5/S1. However, this boy had Crohn's disease, which may have contributed to this postoperative complication. All other complications were either due to the posterior instrumentation (loosening of implant n = 1; fracture of the pedicle during insertion of pedicle screw n = 1) S41 or due to the harvesting of the bone graft (fracture of the ileum n = 1; hematoma at the donor site n = 2; superficial wound infection at the donor site n = 1). One patient had a postoperative laryngeal irritation due to intubation.
Critical evaluation
The approaches described in this article are microsurgical modifications of well-known conventional anterior approaches to the lumbar spine. They have been standardized as far as possible and microsurgical principles have been applied to the development of instruments as well as to the surgical technique. Positionings of the patient have been modified to facilitate surgical dissection. This has the advantage that the lumbar spine can be reached through a 4-cm incision even in obese patients. The lateral retroperitoneal approach can, however, be disadvantageous in patients with a wide pelvis or a high iliac crest, since these anatomical variations create an increased distance between the skin levels and the target area on the lumbar spine.
The retractors make it possible to perform the operations with only one assistant. In the author's experience, it is easier to handle the retroperitoneal blood vessels (common iliac vein, segmental vessels, ascending lumbar vein), or the prevertebral soft tissues at L5/S1, when a microscope is used. The risk of direct injury to the structures at risk is minimized.
Crossing the abdominal cavity carries certain risks for the anatomical structures that are located on the way to the promontorium. The bowels must be handled very gently, using only blunt instruments and hooks for preparation [18] .
In patients with a history of abdominal surgery, mobilization of the bowel must be performed very cautiously.
Since only the small surgical corridor is visible through the microscope, there is a potential risk for indirect damage to the bowel due to forceful retraction.
There are several disadvantages associated with these minimally invasive approach techniques:
1. Due to the standardization of the surgical steps and the size of the approach, a maximum of two levels can be approached through one skin incision. 2. Spatial orientation in the target area is strongly dependent on the exact positioning of the patient. 3. The majority of complications occurred during the posterior instrumentation and not during anterior surgery. 4. A considerable number of complications related to the donor site, raising questions of alternatives to solid iliac bone grafts (e.g., vertical cages, spacers).
In our opinion, the major advantages of the techniques turned out to be:
